Previously, a pair of aircraft crash fatalities was reported by Byard and Tsokos involving extreme trauma to the lower legs with avulsion of the musculature and extrusion of the distal tibial shaft through the inferior aspect of the feet and shoes. This report was important to both the forensics and the injury prevention fields because it demonstrates a finding that may help to indicate not only the severity and nature/direction of an impact but also the position of the extremities at the time of collision with the terrain. Thus, here are reported an additional nine cases out of a larger series of 1182 aircraft fatalities (0.7%) with similar findings and discuss the biomechanical origins of such injuries.
INTRODUCTION
The impacts and decelerations associated with aircraft crashes are relatively frequent sources of severe traumatic injuries as has been previously discussed in the literature. (Siegel and Mohler, 1970; Wagner, 2005; Folio et al, 2009; Mirzatolooei and Bazzazi, 2013; Wiegmann and Taneja, 2003; Taneja and Wiegmann, 2003; Vidoli and Mundorff, 2012) Among the most frequent forms of trauma seen in aircraft crashes are fractures and associated soft tissue trauma of the lower extremities. (Mirzatolooei and Bazzazi, 2013; Wiegmann and Taneja, 2003; Taneja and Wiegmann, 2003) . The ramifications of these forces can be extreme and dramatic especially in the crashes with the highest impact velocities or shortest deceleration distances. One example of this was the report by Byard and Tsokos on the inferior avulsion of the tibial shaft through the feet and shoes of victims. (Byard and Tsokos 2006) Here we report an additional nine cases of this unusual injury.
METHODS
This paper is an outgrowth of a project that started as an undergraduate student research project at Saginaw Valley State University during the time one of the authors (SLR) was affiliated with that institution (2007 to 2009).
As part of an effort to create a broader and more complete picture of injury patterns resulting from aircraft crashes and the mechanisms behind them as well to help identify prevention methods that might reduce the frequency and severity of such injuries in crashes in the future, requests for copies of autopsy and investigation reports were sent out to coroners and medical examiners across the United States. When received, these were matched with data from the combined investigatory efforts of the Federal Aviation Administration and the National Transportation Safety Board (NTSB) using the online agency databases and the NTSB Docket Management System. Additional data was also obtained in several cases from local law enforcement investigation reports. The crash characteristics are logged into a database using, in part, the Lamb-Baker Air Crash Taxonomy developed by Baker and Lamb. (Baker and Lamb, 1991; Baker et al, 1993 Baker et al, , 1995 Baker et al, , 1996 Baker et al, , 2001 Li et al, 2002) . In total to date, data for 1784 cases has been received involving aircraft ranging from ultralight aircraft to heavy wide body airliners ("jumbo jets") and includes fixed-wing aircraft, elicopters and gyrocopters. 602 of the cases had to be excluded from initial review due to incomplete, unclear or insufficient information that prevented their inclusion in this paper.
Reports and, when available, photographs were examined for cases where the tibial shafts were displaced inferiorly through the bottoms of the feet as previously described in the case reported by Byard and Tsokos. Cases were initially selected based upon the presence of lacerations or avulsions of the plantar surfaces of the feet, fractures of the bones of the feet or ankle and then were further reviewed to identify those cases where specific documentation of the tibial or fibular shafts being displaced through the feet was present. In any case where equivocal documentation existed, the medicolegal agency which provided information for the case in question was contacted for clarification.
There are several limitations to this study insofar as the approach to providing a complete picture of the population is concerned. The primary issue is the refusal of several jurisdictions to provide reports as a result of regulatory limitations on release of data. This is an issue that significantly impacts not only this project but also other epidemiology or biomechanics projects. It is important that researchers work together with the legislators and other officials to assure that there is a research exemption or workaround to allow access to this vital information. Another issue that comes up in discussion of aircraft crash injury biomechanics is the decision to only autopsy those victims who had direct access to the controls of the aircraft or those bodies requiring scientific methods of identification. Doing so negates the ability to obtain accurate data, especially if one is interested in improving the safety of passengers. The best practice is to autopsy all victims for three reasons. The first is to assure that the correct body is returned to the correct family. (Hulsey, 2013) The second is to ensure that everything possible is learned from the loss of valuable members of society that may prevent such occurrences in the future. The final reason is perhaps the most VOLUME 21 -No 2 -2015 -Page 91-98 -doi: 10.1515 /sjfs-2015 FORENSIC SCIENCE with a passenger as a precipitating event in the crash.
CASE REPORTS CASE 1
The 58 year old male victim was the pilot of an aerobatic jet aircraft that impacted the ground and trees while performing in an air show. The crash produced a crater approximately four feet deep by 60 feet wide and 100 feet long followed by a 150 yard long debris field. The cockpit was largely disintegrated and burned following impact. The pilot was wearing a helmet and was restrained with a five-point harness which is standard on this aircraft The body was noted to have suffered massive trauma with multiple parts either mangled or missing. The right lower extremity was found separated from the trunk and was described by the pathologist being "mostly destructed". The left lower extremity exhibited a similar severe degree of injury but was still attached to the trunk. The dorsal surfaces of the feet were noted to have been partially spared from the mutilation noted on other parts of the body. This may be in part due to the boots the deceased was found wearing. However, multiple fractures of the bones of the feet were noted as were large lacerations of the soles of the feet bilaterally. On the left, an unspecified length of tibia was noted to be protruding through the aforementioned laceration. 
CASE 4
The 49 year old male pilot and 34 year old male pilot-rated passenger were killed in a Vari-Eze homebuilt aircraft that crashed an open field while they were performing aerobatics at relatively low altitude. The elder pilot was in the front seat of the aircraft which has a tandem seating arrangement.
An on-board global positioning system (GPS) recording the flight had a last data point associated with a ground speed of 68 knots which should be a reasonable approximation of the aircraft's speed at the time of impact.
Images of the crash taken by the medicolegal investigators were provided by the local jurisdiction and reveal near total disintegration of the aircraft which is built from an room-temperature cured fiber-reinforced plastic composite.
Such damage would have resulted in the pilots being exposed directly to the force of the impact with the ground.
The pilot was noted to have a massive multiple trauma including fragmentation. The left hemipelvis and left leg were amputated with externalization of the small bowel, portions of the liver and the gallbladder.
The amputated left lower extremity had fractures of all the long bones and extensive degloving of the thigh and knee. The left knee was disarticulated.
The right lower extremity suffered a fracture of the femoral head and neck. Gaping lacerations were present from the thigh to the ankle. Along with disarticulation of the knee, there was a comminuted fracture of the distal tibia and fibula. Most noteworthy, the distal tip of the right fibula was found to be protruding several inches through a laceration of the sole of the foot.
This is visible in Figure 3 .
CASE 5
A 47 year old male crashed in a Beechcraft F33A light aircraft in foggy weather.
The aircraft struck the athletic field at a high school in a steep descent at high speed. Examination of th body revealed massive mangling injury. The medial aspect of the right shoe had a fragment of bone embedded in it. This was described by the pathologist handling the case as "fragments of femur".
A photograph provided to the authors revealed that the bone appears to have come from within the shoe and is, in fact, likely tibial shaft which had been directed anteriorly and medially by the thick sole of the shoe after it penetrated the other bony structures and soft tissues of the posterior foot.
This can be seen in Figure 4 .
CASE 6
The Mitsubishi MU-2B-40 twin-engine turboprop aircraft, piloted by a 74-year old male and carrying the pilot's wife was observed by witnesses in a steep dive towards the ground before impacting at a very high rate of speed and in a near vertical attitude. The impact was sufficient to bury the entire forward section of the aircraft into the ground. The pilot's remains were found buried two to four feet below the surface within the resulting crater in a very fragmented state as were those of his wife. Multiple transections of the spine were noted but otherwise the body was reduced largely to fragments of muscle and bone. The most notable of these fragments was of the left foot which was in a shoe with a thick sole. Bones were noted to be protruding through the sole of this shoe.
CASE 7
The three occupants of a Cessna 172P being flown on a ferry flight at night were killed when the aircraft struck the side of a mountain. All three occupants were noted to have been ejected from the aircraft. It was never determined what, if any, restraints were in use at the time of impact. The 33 year old male pilot's legs were traumatically amputated at the knees and the tibiae and fibulae were fractures bilaterally. The soles of the feet were bilaterally lacerated with shattered bone extruded downward on the right.
While all three deaths were the result of massive blunt trauma, only the pilot demonstrated the pertinent fracture complex at autopsy.
CASE 8
A 69 year old male pilot took off from an airport and the Mustang II aircraft lost engine power while flying near the airport. The aircraft stalled, rolled to the left and departed controlled flight, striking the trees, heavy vegetation and ground in a nose low attitude. The victim was found at the scene with massive head and chest trauma. At autopsy, the legs were noted to be heavily injured. The skin was avulsed from both thighs from the groin to the knee with underlying comminuted fractures of the femurs. Multiple lacerations of the lower legs were present.
There was an open comminuted fracture of both ankles. The right heel was lacerated with "bone fragments which have been driven through the skin and the calcaneus".
CASE 9
A family of three was flying to see relatives in a Cessna R182 when the pilot became disoriented because of clouds and fog while being vectored for an approach to an airport. The aircraft was later found in a heavily wooded These factors, particularly with regard to the design of the rudder pedals, may have a significant effect on the rate of the fracture complex and, at least partially, explain its relative rarity compared to other severe injuries of the lower leg. It was pointed out by Dummit and Reid in the 1960s that comminuted tibial fractures which might be more traditionally described as a form of "control surface injury" by some were only identifiable in their series of crash victims in cases where the aircraft involved was a helicopter and not a fixed wing aircraft and when the aircraft impacted upright rather than inverted. (Dummit and Reid, 1969) This latter finding may be potentially important as it could indicate that the mechanism for these injuries, and potentially the fracture complex, involves the direct impact and/or collapse of the forward structures around the feet and lower legs as much as it does transmitted forces through the rudder pedals.
As previously mentioned, the majority of the fracture complexes in our series were in pilots rather than passengers. This is in line with what has been noted in motor vehicle crashes where fractures of the distal legs are more common amongst drivers. (Daffner et al, 1988) A common application of a similar concept in aircraft crashes is a search for fractures of the hands and feet (Wagner, 2005; Folio et al, 2009; Kubat et al 2014) that are supposedly attributable to the forces being applied to the control yoke/column/stick or the rudder pedals at the moment of ground contact and the resulting counter-forces associated with the impact. While it might be appealing to attempt to attribute such injuries to the lower extremity as being from interaction with the rudder pedals, it is important to recognize the limitations of a small series such as this. Further research is needed before this possibility can be assessed and applied with a reasonable degree of scientific certainty.
The preponderance of the affected being pilots may simply be a result of greater exposure (i.e., there may be more pilots in the study population)
or the fact that pilots, seated further forward in the vast majority of aircraft than the passengers are likely exposed to higher crash impulses and/or a greater degree of structural collapse. While very little research on this subject matter specifically pertaining to aircraft crashes, the automotive crash survivability and injury biomechanics literature is full of papers discussing the mechanisms of leg, foot and ankle injury in frontal impacts. (Crandall et al 1996a; Crandall, 1996b; Crandall and Martin, 1997) , Crandall et al, 1998 , Daffner et al, 1988 Dischinger et al, 1994; Ivarsson et al, 2008; Pilkey et al, 1994; Smith et al, 2005; States, 1986; Wilson et al, 2001) Enough basic similarities exist between the aviation and automotive areas to take the existing literature into consideration. The issue of pedalfoot interaction remains confounding and muddled at present although some basic conclusions can be made (Crandall 1998; Pilkey et al, 1994; Hoyer et al, 2012) . When one is considering fractures of the calcaneus, pilon or talus, Morris and colleagues pointed out that the relation of the foot to the pedals had no significant contribution to these injuries. They did point out however, that malleolar injuries and fractures of the forefoot were tied to the interplay of the foot with the pedals. They suggest that malleolar fractures are likely induced by the feet sliding or rotating off of the pedals. Forefoot injuries likely result from a more direct impact loading of the foot by the pedal during the crash sequence. (Morris et al, 1997) One key difference between the automotive and aviation realms that should be taken to account when attempting to extrapolate data is that while-in most vehicles-the driver is only utilizing one of his feet (most often the right), in an aircraft the pilot would have both of his feet on the rudder pedals especially while maneuvering or during landing or takeoff.
Another point to keep in mind is that in most aircraft, there is a second set Compressive failure with comminuted fracture of the body of the talusthrough the trochlea which is directly articulated with the malleoli of the tibia and fibula-is another potential mechanism to be considered if the sustentaculum is a significant factor in this process. A similar mechanism with regard to talar fracture exists in the literature regarding long falls with regard to the so called "dome fracture". (Mukherjee and Young, 1973) The load could then be passed largely to the sustentaculum which may fail allowing for the full fracture complex to develop. Such a path would also potentially explain why both in this series and in the long fall case described by Buschmann and Tsokos (2011) , penetration of the fractured bone through the soles of the feet was noted to be on the medial aspect of foot in cases where such details were noted. It could simply be a matter that the posterior foot is weaker with regard to compressive loading on its medial aspect.
One factor which may contribute to the creation of this particular form of lower extremity injury is the presence of boots or other similar footwear which extend above the ankle joint. This was noted in at least one case here (Case 1) and one in the prior literature (Buschmann and Tsokos, 2011) . Such a situation could allow the foot and lower leg to maintain their alignment more readily than they might otherwise. It has also been previously reported that boots may have a greater tendency to provide fixation of the foot and less movement of the ankle joint than other forms of footwear. (Eisele et al, 1983; Eillison, 1977) This could conceivably allow for the longitudinal forces necessary for the fracture complex to be maintained longer.
In this way, the sequential failure of bones that are likely necessary for the fracture complex may be a variation on the theme previously described in ships and vehicles struck from underneath by explosive detonations which has been termed "deck-slap injury". These injuries have characteristically been described as fractures of the calcaneus, tibia and knees (Keating, 1944; Barr et al, 1946; Bluman et al, 2010; Ramasamy et al, 2011a; Commandeur et al, 2012; O'Connor, 1968) It is potentially very important to injury biomechanics researchers and others who may be seeking to reconstruct the circumstances of a crash and the origins of the injuries that resulted there from that the direction of fracture displacement (if any) is noted. Photographs from multiple angles and full body X-rays or, at a very minimum, of areas where fractures are located by other means is an excellent way to achieve this. Without such information, it may be difficult-if not outright impossible-to draw meaningful conclusions as to the validity of the mechanism(s) proposed in this paper. When such information is available in the case of direct impact injuries, it is usually possible to determine a great deal of information about the mechanics of the fracture and, therefore, potentially identify the structures responsible for the impact. (Rabl et al, 1996) Effects of aircraft design
The structural integrity of the cockpit must be considered with regard to injury production. It is worth noting that in this series, all occupants were front seat occupants which would at least theoretically result in their being exposed to greater impact and deceleration forces than occupants in seats further aft in the aircraft might be. For six of the nine victims, it was possible to determine which side the aircraft they were occupying. In five of these, the fracture complex was noted to be on the "outboard" limb. The leg that is outboard is potentially less well protected from structural collapse and buckling than the inboard extremity. (Crandall and Martin, 1997; Dischinger et al 1994; Crandall et al 1996a) Two of the remaining cases (Cases 1 and 4 respectively), involved tandem seating equipped aircraft where either lower extremity would be-at least theoretically presuming all other factors are equal-exposed to the same level of risk of the injury in question (see Table 1 ). This may have forensic implications if questions arise regarding which occupant was in which seat.
While at first it may seem like the fracture complex discussed here is an injury associated with non-survivable forces, it is worth noting that one of the cases presented here had survivors from the crash. In that event (involving case #3), the rear seat occupants lived through the crash with serious injuries. The comment that one or both of the front seat occupants might have survived if not for lack of shoulder harnesses in the aircraft was made by the pathologist who handled the autopsies on both cases.
The best recommendation that can be given with regard to prevention of future cases among the large proportion of general aviation aircraft crashes which involve forces which are within the human tolerance limits for survival (albeit often with serious injury) is to reinforce the footwell of future aircraft to minimize collapse and entrapment.
As pointed out in the automotive literature, significant forces on the tibia can be produced as the foot is trapped between the dashboard (or in the case of an aircraft, the instrument panel) and the crumpling footwell. 
